This study proposes a classification and compensation algorithm of two non-ideal output signals of a resolver to reduce position errors. Practically, a resolver generates position errors because of amplitude imbalance and quadrature imperfection between the two output signals of the resolver. In this study, a digital signal processor system based on a resolver-to-digital converter is used to reconstruct the two output signals of the resolver. The two output signals, "sin" and "cos," can be represented by a unit circle on the xy-plot. The classification and compensation of the errors can be obtained by using the radius and area of the circle made by the resolver signals. The method computes the integration of the areas made by the two resolver output signals to classify and compensate the error. This system cannot be applied during transient response given that the area integration during the transient state causes an error in the proposed method. The proposed method does not need any additional hardware. The experimental results verify the effectiveness of the proposed algorithm.
I. INTRODUCTION
A resolver is a type of rotary electrical transformer used for measuring rotation degrees. It has also been used as position sensors to provide absolute position information in industrial applications for many years. One rotating reference winding and two stator windings make up the inside part of the resolver. The reference winding is fixed on the rotor and rotates jointly with the shaft. The two stator windings are configured at 90° from each other to generate sine and cosine signals [1] - [4] .
The output signals of the resolver contain the angular position information and can be converted to binary signal through the resolver-to-digital converter (RDC), digital signal processor (DSP), or field-programmable gate array [5] - [8] . A cheap DSP system based on RDC can be used for cost-effective operations. C.C. Hou's method is used for the implementation of RDC by using DSP [8] . Fig. 1 shows the DSP system based on RDC. Fig. 2(a) shows the experimental waveforms, which are excitation signals by the PWM of the DSP, actual output signal of the resolver, and sampled data values of the output signal in the short term. Fig. 2(b) shows the two actual output signals of the resolver and the sampled signal by the DSP. The rotor position can be obtained by either the angle tracking observer (ATO) or the trigonometric method [9] .
The sampling limitation effect as a result of the high-speed operation of the machine produces a position error in the ATO or trigonometric method, even if the two output signals are ideal. Thus, ATO is used to obtain the rotor position with sufficient sampling. Moreover, high-speed operation is not considered in this study.
In a real system, the resolver output signals contain position errors in the resolver itself as well as in the resolver signal processing circuits [10] - [14] . As a result, the actual resolver output signals have non-ideal characteristics, such as offset error, scale error, or phase error. Considering these non-ideal characteristics of the resolver signals, position information can be considerably distorted.
To solve these problems, many compensation algorithms The sin/cos outputs of the resolver [3] .
have already been proposed [10] - [14] . The methods proposed in [10] and [11] correct most of the non-ideal characteristics, including the one originating in the RDC. However, these methods require significant labor and time, excessive computation burden, and hardware. The method proposed in [12] introduced the gain-phase-offset correction method only with a low computing effort. The proposed method in [13] was only presented to integrate the ideal rotor position and obtain the magnitude of the position error according to the distorted rotor position because of amplitude imbalance, without considering the variation of the rotor speed and bandwidth of the closed-loop current control. A method to reduce torque ripple caused by amplitude imbalance is introduced in [14] . This method required an additional position sensor that has no distorted position information to reduce torque ripples. However, the effects of amplitude imbalance and quadrature imperfection must be simultaneously considered for accurate vector control of the permanent magnet synchronous motor (PMSM) using a resolver. S.H. Hwang proposed the compensation method of the scale and phase error in the PMSM drive system with the resolver [15] . The d-axis current is directly used as the input signal of the compensator to estimate position errors by using integral operations according to the rotor position. However, this method can only be adapted in motor drive systems because position errors can be obtained from the d-axis current. In [16] , the DC offset and scale compensation method is proposed without operating the motor. This method can be adapted in DSP systems based on RDC. However, in [16] , a mathematical approach was not employed and the method description was incomplete. In this study, the classification and compensation methods for the DSP system based on RDC are proposed. In this case, two output signals of the resolver can be directly used by the DSP. Thus, the two output signals, "sin" and "cos," can be adjusted to compensate the position error of the resolver. The classification method includes the offset error, scale error, and phase error. Only the offset and scale errors can be compensated. Classification and compensation can be achieved through the radius and area of the circle made by the resolver signals. This method computes the integration of the areas made by the resolver signals to classify and compensate the error. Thus, this system cannot be applied during transient response as area integration during the transient state causes an error in the proposed method. Therefore, operating the machine at steady state is necessary to adapt this method. The proposed method does not need any additional hardware. The experimental results verify the effectiveness of the proposed algorithm.
II. PROPOSED CLASSIFICATION METHOD OF RESOLVER ERRORS
The schematic diagrams of a resolver and the DSP system based on RDC is shown in Fig. 1 . The output signals of the resolver U sin and U cos are mathematically represented as follows:
where KE is the excitation level of the resolver and θ is the angle of the resolver. Since KE has a different value according to the resolver characteristics and parameter of the RDC circuit, it should be converted to a unit value, such that the proposed method can be a generalized representation. When the errors are included in the output signals, detecting the error is difficult because the two signals have instantaneous values. Thus, regionally integrating the output signals during one cycle is necessary to classify the error. Thus, the error can be expressed through a unit circle in the xy-plot. 
The circle constructed by the two output signals can be divided into four quadrants. Given that the direction of rotation does not affect the proposed method, only the clockwise rotation (1→4→3→2) is considered in this study. The error can be classified by the radius and area of each quadrant of the circle. Considering that the radius of the circle is 1, the area of each quadrant of the circle is calculated to be "π/4" according to (4) :
The feature of the circle for each resolver error type is shown in Fig. 4 . The x-intercept, y-intercept, and areas of the four quadrants are changed according to the kinds of errors, such as DC offset error, scale error, and phase error. Therefore, detecting and classifying the error through the thresholds in the radius and area of the circle are possible. Fig. 4 (a) shows the circle for a positive DC offset error in the sine output signal. The circle is moved on the x-and y-axes according to the sine and cosine offset errors of the resolver, respectively. Table I(A) shows the classification for a DC offset error that occurred only in one output signal. For a sine offset error, the areas of quadrants 1 and 2 are the same as the areas of quadrants 4 and 3, respectively. In case of cosine offset errors, the areas of quadrants 2 and 3 are the same as the areas of quadrants 1 and 4, respectively. The polarity of the offset error can be obtained by comparing the areas of the quadrants. Table I when both output signals have a DC offset error. In this case, the areas of the circle in all quadrants are different and the maximum area can be determined according to the polarity of the DC offset errors on each axis. In case of +sine and +cosine offset errors, the maximum area of all quadrants is the first quadrant. Fig. 4(b) shows the circle for a positive sine scale error. In this case, the unit circle is changed to an ellipse. The areas of the ellipse in all quadrants increased to more than the unit area of the quadrants of the circle, "π/4." In addition, the two intercepts on the x-axis are larger than the radius of the unit circle, "1." In case of positive cosine scale errors, the unit circle is also changed to an ellipse and the two intercepts on the y-axis are larger than the radius of the unit circle, "1."
Table II(A) shows the classification in case of scale errors in only one output signal. The polarity of the scale error can be obtained by the size of the areas of all quadrants. For a positive scale error, all areas of the quadrants are larger than that of the unit circle and areas of quadrants 1 and 2 are the same as that of quadrants 4 and 3, respectively. In case of cosine offset errors, the areas of quadrants 2 and 3 are the same as that of quadrants 1 and 4, respectively. The polarity of the offset error can be obtained by comparing the areas of all quadrants.
Classification of the scale error can be conducted by comparing the area of the circle and the intercepts on the x/y-axis, as shown in Table II(A). Table II(B) shows the classification of the scale error when both output signals have scale errors. In this case, the areas of the ellipse in all quadrants are changed according to the magnitude of the scale error on each axis. If the scale errors have opposite polarity (for example, U sin and U cos include plus and minus scale errors, respectively), then the area of the ellipse in each quadrant cannot be defined by comparing the ellipse in each quadrant of the unit circle, "π/4." Therefore, when scale errors occur on both output signals, classification can be conducted by comparing x/y-intercepts on each axis. In case of +sine and +cosine scale errors, the areas of the ellipse in all quadrants are increased to more than the unit area of all quadrants, "π/4." In addition, the four intercepts on each axis are larger than the radius of the unit circle, "1." For the case of +sine and −cosine scale errors, the areas of the ellipse in all quadrants cannot be compared with the unit area of all Greater than "π/4" Greater than "π/4" Less than "π/4" Less than "π/4" −Sine offset Less than "π/4" Less than "π/4" Greater than "π/4" Greater than "π/4" +Cosine offset Greater than "π/4" Less than "π/4" Less than "π/4" Greater than "π/4" Absolute x-intercept greater than "1" Absolute y-intercept less than "1"
−Sine scale Absolute x-intercept less than "1" Absolute y-intercept greater than "1" Absolute x-intercept less than "1" Absolute y-intercept less than "1"
TABLE III CLASSIFICATION OF THE PHASE ERRORS

Phase error
Area in the first quadrant
Area in the fourth quadrant Area in the third quadrant
Area in the second quadrant +Phase error Greater than "π/4" Less than "π/4" Greater than "π/4" Less than "π/4" −Phase error Less than "π/4" Greater than "π/4" Less than "π/4" Greater than "π/4" quadrants, "π/4." The x-intercept is larger than the radius of the unit circle, "1," whereas the y-intercept is smaller than the radius of the unit circle, "1." Fig. 4(c) shows the circle for the phase error. Phase error can be classified after the compensation of DC offset and scale errors. Phase error can be classified by the area of the circle. If DC offset or scale errors exist in the output signal, then these errors influence the area of each quadrant. Thus, phase errors cannot be classified. Therefore, before classifying the phase error, the DC offset and scale error should be compensated. If the phase difference between two outputs of the resolver is smaller than 90°, then the ellipse is tilted toward the right. Otherwise, the ellipse is tilted toward the left. Phase errors can be classified by the area of the circle, as shown in Table III. 
III. PROPOSED COMPENSATION METHOD OF RESOLVER ERRORS
Phase error compensation is not considered in this study because the absolute position of the two output signals of the resolver cannot be determined. Thus, the DC offset and scale error compensation methods are explained in this section.
If resolver outputs include scale and offset errors, then they can be expressed as follows:
where α and β are the scale errors of the sine and cosine signals, respectively. γ and δ are the compensation values for the sine and cosine scale errors, respectively. O sin and O cos are the offset errors of the sine and cosine signals, respectively. C sin and C cos are the compensation values for the sine and cosine offset errors, respectively. By substituting (5) and (6) into (3), the radius can be recalculated as follows: , respectively, which can be mathematically expressed by using (7):
Solving (8) yields (10) and (11): 
Solution 4: .
As the cosine and sine signals cannot be zero simultaneously, solutions 1 and 3 cannot be a solution for (8) and (9), respectively. In this case, ATO cannot calculate the angle. Thus, adjusting the compensation values for compensating the offset error by using (11) and (13) is necessary. The offset errors, O cos and O sin , can be easily extracted from the two original output signals of the resolver by using the internal analog-to-digital converter of the DSP.
After the DC offset error is compensated, the two output signals can be written as follows:
The two output signals including the scale error can be expressed as a symmetric ellipse, as shown in Fig. 4(b) . The area of a quadrant in the symmetric ellipse can be expressed in (16) :
where r 2 (θ) can be obtained from (14) and (15), as follows:
where:
By substituting (17) into (16), the area of the ellipse on each quadrant can be derived as follows:
If the scale errors are perfectly compensated, then the area of each quadrant is π/4.
Each area of the quadrant must be calculated to remove the DC offset error. The area of each quadrant is acquired by regional integration of during a quarter of a period. Compensation is conducted to achieve equal areas for all quadrants. Same areas in all quadrants imply that DC offset is eliminated. When scale error occurs in one and/or two output signals, scale errors are compensated by adjusting each radius at 0, π/2, π, and 3π/2 to "1" according to Table II . Unit intercepts of the x-and y-axes should be the same to compensate the scale error. Fig. 5 shows the block diagram of the compensation algorithm. In this study, PMSM is used to verify the proposed method. First, DC offset error is classified by using Table I . Then, two PI controllers are operated to eliminate the difference between each quadrant. One PI controller is for the sine offset error and the other PI controller is for the cosine offset error. The scale error is classified using Table II after the DC offset error is compensated. In this case, the intercepts are used. The amplitude of the intercepts on the sine and cosine axes is adjusted to be equal.
IV. EXPERIMENTAL RESULTS
An experiment is conducted on a PMSM motor using the parameters listed in Table IV to verify the performance of the proposed classification and compensation methods. Fig. 6 shows the hardware configuration for the experimental system. The entire drive system is controlled by a DSP (TMS320C28346). The sampling time for the A/D converter is 100 µs. A PMSM operating at 200 rpm under no load condition is used as a rotating machine. A high-resolution encoder on the load side of the motor is used for comparison with the angle of the resolver system. This study does not consider the sampling limitation effect that occurs because of high-speed machine operation. In general, high-speed operations can cause position errors in the ATO even if the two output signals are ideal, as shown in Fig. 7 . The figure shows the two output signals of the resolver sampled every 15 ms: real theta measured by the high-resolution encoder and calculated theta by the ATO at In this condition, the theta obtained from the two ideal signals of the resolver contains several errors. Thus, sampling limitation or high-speed operation is not considered in this study. The DC offset and scale errors of the cosine output signal were set to O sin = 50% and α = 50%, respectively, to verify the proposed method. Fig. 8 shows the two ideal output signals of the resolver on the time domain and xy-plot. The amplitude of the resolver output signals should be converted to unit values because amplitude depends on the resolver characteristics, as mentioned in Section ІІ. Thus, the radius and a quadrant area of the circle can be represented as "1" and "π/4," as shown in Figs. 9 and 10, respectively.
Classification of the DC offset, scale, and phase errors is conducted using the instantaneous radius of the circle, linear integration of the output signals, and definition on Tables I, II, and III. Fig. 14 shows the U sin and U cos in case of 50% scale error in the sine output signal. Classification of the scale errors can be conducted after compensation of the offset error. Thus, in this case, we assume that the offset error is compensated. Therefore, the offset error is excluded. The shape of the ellipse around the origin is shown in Figs. 15 and 16 . The area and radius of each quadrant are larger than those of the unit circle because of positive scale errors.
U sin and U cos including the phase error are shown in Fig. 17 . Classification of the phase errors can be conducted after offset and scale error compensation. However, deciding which signal between U sin and U cos is the absolute position is impossible. Thus, classification/compensation of the phase error is not conducted with only two output signals of the resolver. Figs. 18 and 19 show the area and radius of the ellipse including phase errors. Fig. 20 shows the output signals of the resolver before and after compensation of the offset error. U sin and U cos were adjusted to make each area of the three quadrants equal by sequentially comparing the areas of quadrants 1, 2, and 4, such that compensation can be conducted, as shown in Fig.  21 . quadrant is greater than "π/4," then we can confirm that compensation can be conducted (Fig. 23) to sequentially decrease the x/y-intercept to "1".
V. CONCLUSION
A new classification and compensation method has been proposed to reduce position errors caused by DC offset and scale error of the two output signals of the resolver. This method can only be adapted to the DSP system based on RDC. The proposed method was implemented by comparing the radius and area of each quadrant made by the two output signals of the resolver. The proposed method can be applied during the steady state with sufficient sampling times for the ATO as previously mentioned. The experimental results verify the effectiveness of the proposed algorithm.
